This review traces the evolution of the cytochrome bc complexes from their early spread among prokaryotic lineages and up to the mitochondrial cytochrome bc 1 complex (complex III) and its role in apoptosis. The results of phylogenomic analysis suggest that the bacterial cytochrome b 6 f-type complexes with short cytochromes b were the ancient form that preceded in evolution the cytochrome bc 1 -type complexes with long cytochromes b. The common ancestor of the b 6 f-type and the bc 1 -type complexes probably resembled the b 6 f-type complexes found in Heliobacteriaceae and in some Planctomycetes. Lateral transfers of cytochrome bc operons could account for the several instances of acquisition of different types of bacterial cytochrome bc complexes by archaea. The gradual oxygenation of the atmosphere could be the key evolutionary factor that has driven further divergence and spread of the cytochrome bc complexes. On the one hand, oxygen could be used as a very efficient terminal electron acceptor. On the other hand, auto-oxidation of the components of the bc complex results in the generation of reactive oxygen species (ROS), which necessitated diverse adaptations of the b 6 f-type and bc 1 -type complexes, as well as other, functionally coupled proteins. A detailed scenario of the gradual involvement of the cardiolipin-containing mitochondrial cytochrome bc 1 complex into the intrinsic apoptotic pathway is proposed, where the functioning of the complex as an apoptotic trigger is viewed as a way to accelerate the elimination of the cells with irreparably damaged, ROS-producing mitochondria. This article is part of a Special Issue entitled: Respiratory complex III and related bc complexes.
Introduction
Cytochrome bc complexes (electrogenic quinol:cytochrome c/plastocyanin oxidoreductases) play key roles in respiration (e.g. cytochrome bc 1 complex, hereafter bc 1 ) and photosynthesis (e.g. cytochrome b 6 f complex, hereafter b 6 f). These enzymes catalyze electron transfer (ET) from diverse membrane quinols to high-potential redox carriers (routinely c-type cytochromes) and use the energy released to translocate protons across energy-converting membranes, see [1] [2] [3] [4] [5] for reviews. Thereby one of the membrane-adjoining water phases becomes positively charged (p-side), whereas the other one charges negatively (n-side). The resulting transmembrane difference in electrochemical potentials of proton consists of chemical (ΔpH) and electrical (Δψ) components and reaches approx. 200-250 mV under physiological conditions [6] .
As revealed by X-ray crystallography [4, [7] [8] [9] [10] [11] [12] [13] , the mitochondrial cytochrome bc 1 complex is an intertwined dimer. The catalytic core of each bc 1 monomer is formed by three subunits: the membraneembedded cytochrome b, the [Fe 2 S 2 ] cluster-carrying iron-sulfur Rieske protein, and cytochrome c 1 . The catalytic, hydrophilic domains of the two latter subunits are anchored in the membrane by single hydrophobic α-helices. Each cytochrome b is a bundle of 8 α-helices that accommodates two (proto)hemes, one close to the p-side of the membrane, b p , and other close to the n-side of the membrane, b n . Because heme b p usually has a lower midpoint redox potential than heme b n , the two hemes are also denoted as the low-and high-potential hemes (b l and b h , respectively). The number of subunits in the bc 1 varies between 3 catalytic subunits in some bacteria and 11 subunits in the mitochondrial bc 1 . It is noteworthy that the X-ray structure of the simplest bc 1 of Rhodobacter capsulatus, which contains only 3 subunits, matches the structure of the three catalytic subunits of the mitochondrial bc 1 [5, 11] .
The cytochrome b 6 f complexes of green plants and cyanobacteria, although evolutionarily related to the cytochrome bc 1 complexes [14] , differ structurally from them [2, 5, [15] [16] [17] . Specifically, the cytochrome b of the bc 1 (formed by 8 transmembrane helices) corresponds to the two subunits of the b 6 f: the N-terminal part of the cytochrome b is homologous to the cytochrome b 6 (4 transmembrane helices), whereas the next 3 transmembrane helices (the C-terminal part) are homologous to the subunit IV (PetD) of the cytochrome b 6 f complex [1, 5, 14, 18] . The cytochrome b 6 subunit, besides accommodating two b-type hemes, as in the bc 1 , carries an additional c-type heme (denoted c n or c i ) that does not have a counterpart in the bc 1 [5, 15, 16, [19] [20] [21] [22] . The iron atom of this heme is connected to the propionate of heme b n by a water bridge. The subunit IV also binds single molecules of chlorophyll a and β-carotene [5, [23] [24] [25] [26] . In addition, the cytochrome f, which accepts electrons from the mobile FeS domain of the Rieske protein, although it carries a c-type heme, is structurally unrelated to the cytochrome c 1 of the bc 1 [5, 27] .
Hence, structurally, the bc 1 and the b 6 f have in common only the cytochrome b and the iron-sulfur Rieske protein. Accordingly, upon superposition of the structures of the bc 1 and the b 6 f complexes, the cytochrome b and Rieske protein of the cytochrome bc 1 complex overlap with the cytochrome b 6 , subunit IV and Rieske protein of the cytochrome b 6 f complex. Thereby the two hemes of cytochromes b/b 6 and the FeS clusters overlap almost exactly [5, 15] . Because of that, Kramer et al. have suggested referring to bc 1 and b 6 f complexes together as to Rieske/cyt b complexes [28] . Still, we would use here the more traditional term "cytochrome bc complex" to address both the bc 1 and the b 6 f.
The operation of the cytochrome bc complexes can be described by the Mitchell's Q-cycle mechanism [29, 30] . The quinol-oxidizing center, so-called catalytic center P, is formed by a loop that connects the third and the forth helices of cytochrome b/b 6 , a highly conserved P[DE]W [FY] motif of the cytochrome b loop that connects its fifth and sixth helices (or is provided by the subunit IV in case of the b 6 f-type complexes) and by residues of the [Fe 2 S 2 ] cluster-carrying domain of the Rieske protein (hereafter the FeS domain) [4, 5] . Upon quinol oxidation, one electron is accepted by the FeS domain to be transferred to cytochrome c 1 (or cytochrome f) whereas the other electron, via heme b p and heme b n , crosses the bilayer and reduces a quinone molecule in the catalytic center N close to the opposite side of the membrane. The reduction of cytochrome c 1 (or cytochrome f) by the FeS domain requires a 60°-70°rotation of the domain [4, 5, 8, 20, 31] . As a result of Q-cycle, one quinol molecule Q N H 2 is produced in center(s) N per each two molecules of substrate quinol Q P H 2 that are oxidized in center(s) P. Since the nascent Q N H 2 molecules can be also oxidized in center(s) P, two protons are ultimately translocated across the membrane per each electron that passes through the cytochrome bc complex.
The cytochrome bc 1 complexes are functional dimers capable of electron exchange between the monomers via closely placed heme b p [32] [33] [34] . In the bc 1 -type complexes, under physiological conditions of a half-reduced ubiquinone pool, a total of two electrons seem to be continuously present in the dimeric cytochrome b moiety [33, 35] , owing to a possibility of electron equilibration with the membrane quinol pool via centers N, see [1] and the references therein. If center N is "preloaded" with an electron, oxidation of a quinol molecule in the corresponding center P would result in immediate quinol formation in the center N [33, 35] .
Both the complexes of the bc 1 type and the b 6 f type seem to be involved in regulation of cellular homeostasis, albeit differently. It is well established that the cytochrome b 6 f complex plays a key role in regulating the flow of excitation energy between the two photosystems of green plants, see [5, 36, 37] for reviews. By tuning the distribution of light between the two photosystems, plants prevent overreduction and production of reactive oxygen species (ROS), see [5, 37] .
Recently the mitochondrial cytochrome bc 1 complex (complex III) has drawn attention because of its possible involvement in triggering apoptosis in animal cells. It has been shown that the intrinsic apoptosis pathway is triggered by the increase in the production of ROS by the components of the mitochondrial ET chain [38] [39] [40] [41] , specifically by the cytochrome bc 1 complex. The ROS appear to trigger the apoptosis in several different ways, which are not fully understood, see [42, 43] for recent reviews. First, they can increase the permeability of the inner mitochondrial membrane (IMM), either by directly damaging it or by inducing the formation of mitochondrial permeability transition pores, ultimately leading to the swelling of mitochondria and to the rupturing of the outer mitochondrial membrane (OMM). Second, ROS can trigger the formation of pores in the OMM, which is mediated by BAX and BAK proteins [44] [45] [46] . These pores can be large enough to permit escape of proteins from the intramembrane space into the cell cytosol [40] . Thus, both rupturing of the OMM and formation of pores in it lead to the escape into the cell cytoplasm of the proteins residing in the intramembrane space. In vertebrates, one of such proteins is the small cytochrome c, which, within mitochondria, serves as an electron acceptor from the cytochrome bc 1 complex. When in the cytoplasm, cytochrome c interacts with the apoptotic protease activating factor (Apaf-1). This interaction induces oligomerization of the Apaf-1 proteins into an apoptosome, followed by the activation of the pro-caspase-9, which triggers the apoptosis [39, 40, 47] .
In this review, the evolution of cytochrome bc complexes is considered in a general context of the gradual oxygenation of the atmosphere. It is suggested that cytochrome bc complexes could have evolved from a simpler membrane-anchored oxidoreductase that was similar to the modern membrane dehydrogenases which catalyze electron exchange between diverse water-soluble substrates and the membrane quinone pool. The emergence of the cytochrome bc 1 complexes may have been prompted by the emergence of chlorophyll-based photosynthesis, whereby the b 6 f-type enzymes with a split cytochrome b preceded in evolution the bc 1 -type complexes. The intrinsic apoptotic pathway may have emerged as a means to accelerate the elimination of the cells with irreparably damaged, ROS-generating cytochrome bc 1 complexes. By considering concurrently the evolution of cytochrome bc complexes and their role in apoptosis we attempt to bring the apoptotic function of these enzymes into a broader evolutionarily context.
2.
Evolution of the cytochrome bc complexes: from a membraneanchored dehydrogenase to proton-translocating ubiquinol: cytochrome c oxidoreductases 2.1. Evolutionary relations between the cytochrome bc complexes of the b 6 f type and the bc 1 
type
The very presence of two distinct types of cytochrome bc complexes, namely the bc 1 -type complexes and the b 6 f-type complexes, has prompted questions on the evolutionary relations between them. In the first comprehensive review on the evolution of cytochrome bc complexes, Cramer and coworkers have noted that "the larger cytochrome b could be a fusion product of, or has undergone fission to yield the cytochrome b 6 and subunit IV polypeptide" [18] . Accordingly, these authors discussed two possibilities on the presence of the ancestral cytochrome bc complex in the common ancestor of archaea, bacteria and eukarya, previously postulated by Woese et al. [48] . Since cytochrome bc 1 complex had been described both in archaea (Sulfolobus acidocaldarius [49] ) and in many bacteria, one possibility was that it could emerge before the separation of the three domains of life. Alternatively, since no eukarya-specific form of this enzyme had ever been described, archaea could obtain the cytochrome bc complex via lateral gene transfer (LGT) from bacteria. In both cases, eukaryotes were assumed to obtain their bc 1 -type and b 6 f-type complexes via endosymbiotic events [18] . Later, however, the phylogeny of cytochrome bc complexes, with few exceptions, was correlated with the 16S rRNA-based phylogeny, which suggested that the respective genes had been vertically inherited without a significant LGT [50] [51] [52] [53] [54] . Based on this suggestion, it has been concluded that the Last Universal Common Ancestor of the cellular life forms (LUCA), the common ancestor of bacteria and archaea [55, 56] , already contained a bc 1 -type complex; the b 6 f-type enzymes were assumed to emerge within bacteria after their separation from archaea [50] [51] [52] [53] [54] . However, the suggestion that the primordial cytochrome bc complex was a bc 1 -type enzyme and was present already in the LUCA [50] [51] [52] [53] [54] appears to be inconsistent with current knowledge about the LUCA and its environment. Specifically, cytochrome bc complexes, for proper functioning, require high-potential electron acceptors. Before the emergence of oxygenic photosynthesis in the ancestors of cyanobacteria, all environments on Earth had been highly reduced [57, 58] , so that there should have been no abiotic electron acceptors for the cytochrome bc complexes.
In an attempt to clarify the evolutionary relations among various types of cytochrome bc complexes, a comprehensive phylogenomic analysis was performed here as described in the Supplementary Materials. As noted above, the only subunits that are shared by the bc 1 -type and the b 6 f-type complexes are the Rieske iron-sulfur protein and the cytochrome b. The redox carriers that accept electrons from the FeS domain are not homologous in different lineages and therefore were not included into the analysis; the evolutionary histories of some of them are addressed separately below. The Rieske protein, although ubiquitously present, carries a weak phylogenetic signal [59] ; its inclusion into analysis did not significantly affect the tree topology (unpublished observation). Therefore, the phylogenetic tree has been built using only the sequences of "long" cytochromes b of the bc 1 -type complexes and the corresponding sequences of "short" cytochromes b plus subunit IV of the b 6 f-type complexes, see An unrooted phylogenetic tree of cytochromes b is shown in Fig. 1 and, in an alternative projection, in Fig. S2 of the Supplementary Materials (File 1). In addition, File 2 of the Supplementary Materials contains a detailed, zoomable (PDF) version of the unrooted tree, where the bootstrap values and the results of the Approximate likelihood-ratio test (aLRT, calculated as in [60, 61] ), respectively, are indicated (separated by slashes) for each branch. The multiple alignment that was used for construction of the tree is provided as File 3 of the Supplementary Materials.
As could be seen from the data presented, cytochrome b sequences separate into several subfamilies (clades), members of which not only show sequence similarity, but also, in many cases, share specific, functionally relevant traits. Before discussing these traits, we would like to note that, in a number of genomes, several homologs of the cytochrome b could be identified. Analysis of the respective operons showed the genes of Rieske proteins upstream of the cytochrome b gene(s) in most of them, so that these multiple operons most likely code for cytochrome bc complexes [52, 53, 62, 63] . The organisms with several operons are found both within bacteria (e.g. among Planctomycetes, with up to 4 operons in Candidatus Kuenenia stuttgartiensis, see Table S2 in File 1 of the Supplementary Materials and [62, 63] ) and archaea (e.g. among Halobacteria, with up to 3 operons in Haloferax volcanii DS2, see Table S3 in File 1 of the Supplementary Materials and [52] ). The phylogenetic tree in Fig. 1 shows that the multiple copies of the bc-encoding operons do not result from duplication within these phyla. For example, in the case of Planctomycetes, the respective cytochrome b sequences do not cluster together but belong to separate clades (D and G). Moreover, sequences from clade D are full-length cytochromes b while sequences from clade G are split cytochromes b of the b 6 f type. In the case of archaeal cytochrome bc complexes, the split cytochrome b branches next to the clade G, while the "fused" archaeal cytochromes b belong to the clades E and F.
Most cytochrome bc 1 complexes contain a quinol-binding motif P [DE]W[FY] either in the cytochrome b ("long" cytochromes b) or in the subunit IV (in case of split cytochromes b). Still, some clades show consistent modifications of this motif. For example, the members of the clade G share the PW[FY] motif without the acidic (D or E) residue (see Fig. 1 ).
The main feature of the phylogenetic tree in Fig. 1 is that the split cytochromes b of the b 6 f-type complexes form several separate groups. First, split cytochromes b are found in Cyanobacteria (and chloroplasts), Firmicutes (Clostridia and Bacilli), and in Thermodesulfobacteria, these are clades A, B, and C in the upper part of the tree. Second, split cytochromes b make up the clade G. It contains sequences from organisms belonging to a number of diverse bacterial phyla: Chloroflexi, Chrysiogenetes, Proteobacteria, Acidobacteria, Chlamydiae, Firmicutes, Nitrospirae, Planctomycetes and even from a member of the candidate division NC10, Candidatus Methylomirabilis oxyfera [64] .
The short cytochromes b, which form clades A, B, and C have a conserved CxGG motif close to the N-terminus, just before the first transmembrane helix. The cysteine residue was shown to bind the third heme (c n ) in the b 6 f-type complexes of plants and cyanobacteria [15, 16] , as well as in the cytochrome bc complexes of Firmicutes [65, 66] . The abundance of this CxGG motif within clade G (see Fig. 1 ) might indicate the presence of the third heme also in the cytochromes b belonging to this clade, which, unfortunately, have not yet been purified and characterized.
The clade G is the only clade that contains both short and long cytochromes b. The respective group of sequences (see Fig. 1 ) includes a short cytochrome b of Geobacter metallireducens that lacks the cysteine residue (with a GxGx motif instead of a CxGG motif) and three long cytochromes b of Solibacter usitatus, Parachlamydia acanthamoebae and Waddlia chondrophila, all with the same GxGx motif.
The cytochromes b, which belong to the clade G, co-occur with large proteins possessing a NAD(P)-binding domain and many conservative cysteine residues capable of binding FeS-clusters (Fig. S3 in File 1 of the Supplementary Materials). In prokaryotic genomes, these proteins, which apparently have not been yet experimentally characterized, share operons with ferredoxin-NAD(P)H oxidoreductases and are mostly (and, perhaps, erroneously) annotated as subunits of glutamate synthase. In some cases, the genes encoding proteins of this family are found within the operons of cytochrome bc complexes (see Table S2 in File 1 of the Supplementary Materials and [52, 62, 63] ). As noted by Kartal and co-workers in the case of Candidatus Kuenenia stuttgartiensis, the absence of a signal sequence or predicted transmembrane segments indicates that this large protein subunit should be located in the cytoplasm [62, 63] . In addition, the presence of cytochromes b that belong to the clade G often correlates with the presence of a protein that shows similarity (e-value~10 −10 ) to a typical cytochrome c Pfam domain (PF00034, Cytochrome_C) and contains several heme-binding motifs, see Fig. S4 in File 1 of the Supplementary Materials and [62, 63] . This occurrence of specific genes within operons suggests that the b 6 f-type complexes forming the clade G may be viewed as a separate subfamily of cytochrome bc complexes of the same rank as the bc 1 -type complexes and the "classical" b 6 f-type complexes. In Candidatus Kuenenia stuttgartiensis, deep sequencing showed that the cytochrome bc complexes of this bacterium were expressed at the transcriptional and protein levels, albeit in different amounts; the complex that corresponds to #5 in Table S2 (File 1 of the Supplementary Materials) was the major species [62, 63] .
A number of bacteria have cytochrome b-encoding, "fused" genes ( Table S4 , File 1 of the Supplementary Materials) along with the "classical" cytochrome bc-complex operons (Table S5 , File 1 of the Supplementary Materials) in their genomes. The two identified types of fusions are labeled F1 (strings 3b, 4b and 5b in Table S4 ) and F2. F1-and F2-type cytochromes b form a separate clade on the phylogenetic tree (clade H on On the phylogenetic tree (Fig. 1) , archaeal sequences belong mostly to the clades E and F. The clade F, besides archaeal sequences, contains also the sequences of cytochromes b from Actinobacteria and the Deinococcus-Thermus group. Outside these clades, only haloarchaeal sequences with rather uncommon operon structure were found (see #1 and #3 in Table S3 in File 1 of the Supplementary Materials and [52] ); these sequences do not group with other archaeal proteins and appear to be a result of a separate LGT from bacteria.
In sum, the phylogenetic tree in Fig. 1 contains several clades of bc 1 -type complexes with "long" cytochromes b and four separate clades of b 6 f-type complexes. Hence, following the rationale of Cramer and coworkers [18] , one should choose between two possibilities, namely: (1) the fusion scenario according to which the ancestral version of the cytochrome bc complex was a b 6 f-type complex with a split cytochrome b, so that the fusion of a small cytochrome b with a subunit IV took place several times in different lineages and (2) the fission scenario, where the ancestral version contained a long cytochrome b that split several times in the course of evolution. Although the fission scenario is the one that dominates the current literature on the evolution of cytochrome bc complexes [50] [51] [52] [53] [54] , the fusion scenario looks more appealing because of following reasons: 1) Since the split cytochromes b make several clades (see Fig. 1 ), the fission scenario implies independent splits of the cytochrome b gene in the same point in several lineages, followed by independent appearances of the conserved, heme c n -binding CxGG motif in the same positions within these lineages. Such coincidences seem extremely unlikely; 2) The fission scenario implies that the split should have affected the quinol-oxidizing site P of cytochrome bc complexes. While there are many catalytic quinol-oxidizing and quinone-reducing sites in different enzymes, the center P of cytochrome bc complexes is unique in its ability to catalyze bifurcated quinol oxidation, where one electron is accepted by the FeS cluster, whereas the other electron is taken up by the heme b n . As already noted, this catalytic site is formed by the CD loop of cytochrome b and a highly conserved P [DE]W[FY] motif, which is provided either by the EF loop of cytochrome b in the bc 1 -type enzymes or by the subunit IV in the b 6 ftype complexes [1, 4, 5] . The consequence of this arrangement is that the fission scenario implies several independent splits through the key catalytic site of the enzyme. 3) Superposition of the structures of the bc 1 -type and b 6 f-type complexes shows that the Q N quinone in the cytochrome bc 1 complex is bound in the position that is occupied by heme c n in the b 6 f-type complex [15] . Proteins, generally, have a characteristic tight packing of amino acids in their cores, which prevents their fast unfolding and degradation in response to thermal fluctuations [67] . Because of this tight packing, insertion of a porphyrin ring, e.g. of the c n heme, into a pre-existing, functional protein is hard to imagine [68] . Alternatively, a loss of the c n heme could prompt its functional replacement by a smaller quinone ring, which, by filling the gap, would stabilize the protein.
The protein cavity at the Q N site of the bc 1 -type complexes seems not to provide a tight encasement for the quinone ring; it has been argued that water molecules are involved as bridges to fix the respective semiquinone in its binding site [69] . Certain "looseness" of the Q N site might reflect the presence of a large heme c n in the ancestral, b 6 f-type form of the enzyme. Table S4 in File 1 of the Supplementary Materials. Protein fusions are generally more common in evolution than fissions [71, 72] , as they typically facilitate the interaction between functionally coupled proteins. Such fusions could occur through mutations in the stop-codons, in which case no frame shift would happen [73] . Fusion of two genes into a single gene of a long cytochrome b should be advantageous, because it could fix, within one gene/protein sequence, the catalytically important parts of the protein, namely the heme-binding sites provided by the four-helical bundle of the small cytochrome b and the quinol-binding motif
, provided by the subunit IV. 6) Last, but not least, the process of fusion can be traced within the clade G (see Fig. 1 ). As already mentioned, this clade contains a group that includes a short cytochrome b and three long cytochromes b. This group has a very high bootstrap value of 92; since it falls within the clade G that otherwise contains only short cytochromes b, the long cytochromes in S. usitatus, P. acanthamoebae and W. chondrophila must have resulted from a (relatively recent?) fusion event. The current model of evolution of cytochrome bc complexes via fission assumes that all split cytochromes b belong to a single clade (the "green clade" [51] ), which, in turn, implies that the split of a long cytochrome b happened only once. Therefore, the presence of four separate clades of split cytochromes b (Fig. 1 ) has been checked (1) by building the tree using the neighbor-joining method [74] instead of otherwise used maximum likelihood method, and (2) by constructing a tree using full-length alignments of cytochromes b except for the obviously unalignable N-and C-terminal regions. Both of these trees yielded several separate clades of b 6 f-type complexes (DVD, unpublished observations). While presenting the first results of our phylogenomic analysis of cytochromes b [75] , we have emphasized our inability to reproduce the single clade of split cytochromes b as presented in [51, 59] . Most recently, in this special issue of BBA: Bioenergetics, Baymann and co-workers have published an updated phylogenetic tree [53] . In this latest tree, split cytochromes b are unified not in a "green clade" but in a "Cysgroup", named for the cysteine ligand of heme c n in the b 6 f-type complexes. Unlike the "green clade", the "Cys-group", which is encased by a thick red contour line in Fig. 1 of [53] , actually encompasses three separate clades with split cytochromes b. The arrows in Fig. S5 of Supplementary File 1 demonstrate how the single large "Cys-group" (Fig. S5A ) can be transformed into three small "Cys-groups" (Fig. S5B ) just by swapping the branches depicted by bold lines. In the resulting projection, the tree from [53] is generally consistent with phylogenetic trees presented here, specifically with the radial tree that is depicted in Fig. S2 of Supplementary File 1.
Thus, there are only minor differences in the topology between our tree shown in Fig. 1 (and also in Fig. S2 and in File 2 of the Supplementary Materials) and the tree from [53] ; these differences are discussed in the caption to Fig. S5 of Supplementary File 1. In summary, the two most recent and complete phylogenetic trees of cytochrome b indicate the presence of several clades of split cytochromes b, all containing cysteine ligands for the heme c n in their sequences. Since several independent fissions followed by insertions of similar hemes and the emergence of same heme-binding motif in several lineages are hardly probable, the data in Fig. 1 and Fig. S2 , as well as in Fig. 1 from [53] , can be viewed as supporting the evolutionary primacy of the b 6 f-type complexes and the emergence of the bc 1 -type complexes from several independent fusion events.
Cytochrome bc complexes and the LUCA
As noted above, contemporary evolutionary scenarios imply the presence of a bc 1 -type complex already in the LUCA, because the initially discovered archaeal cytochrome bc complexes were of the bc 1 type [50] [51] [52] [53] [54] . This view, however, has been weakened by the identification of the b 6 f-type complexes in some archaeal genomes, see [52] and Table S3 (File 1 of the Supplementary Materials). As a general principle, the presence of a certain enzyme in bacteria and archaea cannot be alone considered an ultimate evidence for the presence of its ancestor in the LUCA because of the possibility of an LGT between the domains [76] . Moreover, multiple operons of cytochrome bc complexes in many bacterial and archaeal genomes, as well as the affiliation of these operons with different phylogenetic clades (see Fig. 1 ), indicate that cytochrome bc complexes are prone to the LGT. It is well established that a significant fraction of archaeal metabolic enzymes have been obtained via the LGT from bacteria [76, 77] . There are no reasons to assume that cytochrome bc complexes were an exception; they could also be obtained by some archaeal lineages via the LGT from bacteria.
As mentioned above, the scenario on the presence of a bc 1 -type complex in the LUCA was based on an apparent similarity in the phylogenetic trees of 16S rRNA and cytochrome bc complexes, which implied predominantly vertical inheritance of this enzyme complex [50] [51] [52] [53] [54] . Fig. 2A shows the data on the presence and absence of the cytochromes b of the bc 1 and b 6 f-type complexes, mapped upon the phylogenetic tree of prokaryotes. The presence of at least such a cytochrome in the genome is indicated by green branches, whereas the absence is indicated by red branches. The letters in brackets refer to the cytochrome bc complex clades (see Fig. 1 ), representatives of which are found in respective phyla. It is evident that cytochrome bc complexes are absent from many prokaryotic phyla. When particular phyla contain cytochrome bc complexes, these complexes can belong to different clades. The aforementioned presence of up to 4 diverse cytochrome bc complexes in bacterial genomes and up to 3 cytochrome bc complexes in archaeal genomes indicates that these enzyme complexes are subject to extensive LGT. One of the bc 1 operons in Haloferax volcanii DS2 (#5 in Table S3 ) is even located on a plasmid, which points to the possible mechanism of the LGT of the cytochrome bc complexes. Altogether, this pattern speaks against predominantly vertical inheritance of cytochrome bc complexes. Rather these complexes are prone to the LGT and may have been acquired by those organisms which either have access to high-potential electron acceptors or contain photosynthetic reaction centers whose functioning is accompanied by generation of highpotential electron vacancies.
We have performed an estimation of the probabilities of the alternative evolutionary scenarios for cytochrome b using the COUNT software [78] . This software requires two types of the input data, namely: (1) a phylogenetic tree of species ("the tree of life") and (2) a table of occurrences of different protein families including the family of interest in the complete genomes. The evolutionary history of the cytochrome b was reconstructed with the posterior probability analysis implemented in the COUNT software (see the caption of Fig. 2 for details) . The overall results of this analysis are included in Fig. 2 . The green basal branches indicate that the ancestor of the respective phyla likely contained a cytochrome bc complex with a probability of more than 50%, as estimated by the COUNT software. As seen in Fig. 2A , the cytochrome bc complex was likely present in the ancestors of two bacterial clades, namely the large clade that includes cyanobacteria, Chloroflexi and Actinobacteria, and the clade that includes proteobacteria and several other bacterial groups. The probability of the presence of a cytochrome bc complex in the common ancestor of the former, "cyanobacterial" clade was estimated by COUNT as 93% whereas its presence in the common ancestor of the latter, "proteobacterial" group was estimated as [233, 234] . Branch lengths do not exactly reflect the evolutionary distance between the nodes. The assignment of proteins from the RefSeq release 45 (Jan 07, 2011) to the Clusters of Orthologous Groups (COGs) [236] was taken from the NCBI FTP site (ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/Prok1202/). The COG1290, which unites the long and short cytochromes b of the bc 1 and b 6 f-type complexes, was used as a specific marker of the cytochrome bc complexes. The redundancy in the list of complete genomes from the RefSeq release 45 was reduced by manually removing species of the same genera, which resulted in a list of 582 prokaryotic species. Taxonomy data from the NCBI (http://www.ncbi.nlm.nih.gov/taxonomy) [235] to the level of family were used to map the taxonomy for these genomes on the aforementioned large-scale tree. For calculations, the set of 582 bacterial genomes was further reduced to a compact set of 102 bacterial genomes. Within bacteria, we selected genomes which contained cytochromes b (68 genomes), as well as genomes of closely related species which did not contain cytochrome b. In calculations with the COUNT software, a full sample of 115 archaeal genomes and a compact set of 102 bacterial genomes from all major phyla were used, which resulted in a sample of 217 genomes. 29 COGs which occur in at least half of major bacterial and archaeal phyla and do not contain more than 10 members in each genome were selected randomly. These COGs were used as a reference for the estimation of typical rates of gene losses, gene gains and other parameters in COUNT by the "Gain-Loss-Duplication" model with default parameters. For the reference COGs and the cytochrome b COG1290, respectively, the occurrences in each of 217 sampled genomes were calculated as described above. The rates of gene losses and gains were optimized on a subset of 217 genomes chosen to satisfy the computational requirements of the program. Deinococcus-Thermus (F) Elusimicrobia 85%. COUNT estimated the probability of the presence of a cytochrome bc complex in the common ancestor of bacteria as 7%, which suggests that cytochrome bc complexes were acquired by the majority of bacterial phyla after their radiation from the bacterial common ancestor. Detailed results for archaea are depicted in Fig. 2B . Independent gains of the cytochrome bc complex in archaeal phyla show probabilities mostly exceeding 90%, as depicted in the figure. In sum, COUNT assessed the probability of the presence of a cytochrome bc complex in the LUCA as 1%.
The likely absence of a bc 1 -type complex in the LUCA is also supported by the following arguments: 1) As discussed in the previous section, phylogenomic data, as well as structural considerations, suggest that the b 6 f-type complexes should have preceded in evolution the bc 1 -type complexes. The b 6 f-type complexes, however, are almost exclusively affiliated with the bacterial domain. The few archaeal b 6 f-type complexes represent clear-cut cases of the LGT from specific bacterial phyla (see Fig. 1 and [52] ). Hence, emergence of the b 6 f-type complexes within bacteria, to the best of our knowledge, has not been challenged. Accordingly, the bc 1 -type complexes, which seem to be evolutionary derivatives of the b 6 f-type complexes, should have also emerged within bacteria and, hence, were unlikely to be present in the LUCA. 2) In Fig. 1 , the archaeal clades fall within the bacterial clades, which is compatible with the emergence of cytochrome bc complex within bacteria and its LGT to archaea. It is noteworthy, however, that the branches in the archaeal clade E in Fig. 1 are longer than most other individual terminal branches, while the branch that separates the clade E from other clades is relatively short. This pattern might reflect the consequences of an LGT from bacteria to archaea: a bacterial bc complex, after being transferred to archaea, finds itself in a quite different physico-chemical environment (as archaeal membranes differ fundamentally from the bacterial ones [79] ), not to mention a new genomic environment. Such abrupt changes could prompt fast adaptation of the laterally transferred cytochrome bc complexes to the new environments, accounting for the long branches within the clade.
3) The structure of clade F supports the suggestion that haloarcheal bc 1 genes were obtained by LGT from bacteria [52] . The opposite hypothesis would imply two independent LGT events from a halobacterial ancestor to the ancestors of the Actinobacteria and Deinococcus-Thermus phyla. 4) The presence of cytochrome bc complexes in archaea correlates in most cases (except for Candidatus Korarchaeum cryptofilum and Thermoplasma acidophilum) with the presence of the cytochrome oxidase genes, another likely subject of LGT into Archaea [80] . 5) One of the earlier arguments in favor of the long cytochrome b as the ancestral, LUCA-encoded form was the fact that archaeal and mitochondrial (proteobacterial) sequences both have 13 residues between the histidine heme ligands in the 4th helix of cytochrome b; the b 6 f complexes of chloroplasts and cyanobacteria with only 14 residues between the corresponding histidine residues were considered an exception [14, 18] . However, with more genomes sequenced, it now appears that the vast majority of the cytochrome b sequences actually have 14 residues between these histidine residues. This fact has been already noted in [52] but no evolutionary consequences were drawn from it. This trait argues against evolutionary oldness of archaeal bc 1 complexes and might indicate their acquisition via the LGT from a particular bacterial lineage that had 13 amino acids between the respective histidine residues.
In addition to the presented phylogenomic evidence, the presence of cytochrome bc complexes in the LUCA is unlikely from (bio)geochemical considerations. For proper functioning, cytochrome bc complexes require high-potential electron acceptors with redox potentials of at least 100 mV. Before the emergence of oxygenic photosynthesis in the ancestors of cyanobacteria, all environments on Earth were highly reduced, as inferred from geological evidence (reviewed in [58] ) and also from biochemical considerations. Indeed, the redox state of the cytoplasm in modern organisms, except perhaps cyanobacteria, is kept highly reduced and an essential part of organismal energy, especially in aerobic organisms, is used to keep it that way. Wald has explained this phenomenon by the emergence of cellular metabolism under highly reducing conditions and by difficulties of its re-tuning for operation at high oxygen levels [57] . From the redox state of cysteine residues within modern cells, the redox potential of primordial environments can be inferred as low as −200 to −400 mV, see [81] and the references therein. Under such reducing conditions, potential abiotic electron acceptors for cytochrome bc complex, if even occasionally formed, would be promptly reduced by inorganic reactants, e.g. by sulfur compounds (see also the next section).
Utilization of such dedicated proton translocators as cytochrome bc complexes for ATP synthesis requires proton-tight membranes that can maintain proton potential of 200-250 mV [6] . In modern organisms, this function is performed by sophisticated lipid bilayers that are mostly formed by complex, two-tail phospholipids. Since both the phospholipids and the enzymes of their biosynthesis are completely different in archaea and bacteria [79] , it has been suggested that modern-type lipids have emerged separately in Archaea and Bacteria [82] . Accordingly, LUCA may have used simpler, most likely, single-tailed lipids [83] . Simple membranes of single-tailed fatty acids are by factor of approx. 10 6 more conductive to monovalent cations than membranes that are formed of two-tail phospholipids [84] . In turn, even modern phospholipid membranes are 10 6 -10 9 times more conductive for protons than for other monovalent cations [85] . Therefore the ability of primitive membranes of the LUCA to maintain high proton potential is questionable. The phylogenomic reconstructions performed for such ubiquitous membrane energy-converting enzymes as rotary ATPases [86] [87] [88] and pyrophosphatases [89, 90] have revealed that the ancestral forms of these enzymes must have translocated sodium. It has been speculated that the membranes of the LUCA could be tight enough to maintain sodium potential, so that sodium-dependent bioenergetics may have operated already at the stage of the LUCA [91] . However, the cytochrome bc complex is built in such a way that precludes it from translocating sodium, which apparently leaves cytochrome bc complex without energyconserving function at the stage of the LUCA.
Scenario for the emergence of cytochrome bc complexes
As discussed in the previous section, the current scenario of the emergence of a bc 1 complex at the stage of LUCA [50] [51] [52] [53] [54] 92] leads to certain inconsistencies when compared with the available phylogenomic data and (bio)geochemical considerations. These difficulties, however, could be overcome by an alternative evolutionary scenario for the cytochrome bc complexes where the ancestral, b 6 f-type complexes with split cytochromes b emerged within bacteria, underwent transitions into bc 1 -type complexes with a long cytochrome b in some lineages, and were then transferred to archaea via several independent LGT events.
In the current scenario of the evolution of the cytochrome bc complexes, the ancestral bc 1 -type form of the complex has been suggested to emerge at the stage of the LUCA from an interaction between a Rieske-type iron sulfur protein and a large cytochrome b [50] [51] [52] 92] . The origin of a large, 8-helix cytochrome b and its possible function in the LUCA before being recruited into the bc 1 have remained enigmatic in this scenario. It has been suggested that the primordial "construction kit" of protein "modules" has contained two different cytochrome b modules, namely a four-helical module to be used in diverse dehydrogenases/ oxidoreductases and a large, 8-helical module to be used only in the ancestral cytochrome bc complex [92] .
The evolutionary primacy of the b 6 f-type complexes suggests that emergence of the ancestral form of the cytochrome bc complex could start from a four-helical cytochrome b (see Fig. 3 ). A bundle formed of 4 alpha-helices represents one of the widespread protein folds; this is one of few folds which are found both in water-soluble and in membrane proteins [93] . Binding of two hemes has been shown to stabilize the fold [94] ; it has been shown that of the half of the de novo fourhelical proteins from designed combinatorial libraries could bind the heme [95] . In the SCOP database [96] , the fold "heme-binding four-helical bundle" comprises three superfamilies; the four-helix cytochrome b of cytochrome bc complex, together with the membrane cytochrome of the formate dehydrogenase makes the superfamily of "transmembrane di-heme cytochromes". Membrane cytochromes with such fold usually serve as membrane anchors for large, protruding subunits where a distal substrate-binding site is connected by an electron-transferring "wire" of iron sulfur clusters with the membrane, as e.g. in formate dehydrogenase [97] or Ni-Fe hydrogenase [98] .
In some of such enzymes the protruding parts are facing the exterior of the prokaryotic cell (formate dehydrogenase, Ni-Fe hydrogenase), while in others they look into the cytoplasm (e.g. fumarate reductase). Functionally, the enzymes that protrude out of the cell interact with simple electron donors, such as formate and hydrogen, and reduce quinones within the membrane, while the enzymes which protrude into the cytoplasm connect the membrane quinone pool with cellular metabolites such as e.g. succinate or fumarate. Acting together, such enzymes accomplish a quinone-mediated translocation of reducing equivalents across the cellular membrane. Depending on the metabolic situation, the cell could benefit from either a sink for excess electrons or electrons for biosynthesis, so that a system of reversible, differently oriented oxidoreductases could catalyze ET in both directions, perhaps, already in the LUCA [75, 99] . Primitive membranes, while leaky for protons [84, 86, 91, 100] , could already represent a significant hydrophobic barrier for reducing equivalents (electrons). By invoking large porphyrin rings as electron carriers, the desolvation penalty for electrons could be decreased and the transfer of electrons across the membrane could be accelerated, see e.g. [101] . Further acceleration could be achieved by translocating a proton together with an electron; such phenomenon, the mechanism of which is not quite clear, has been described for menaquinol:fumarate reductases of Wolinella succinogenes [102, 103] and of Bacillus subtilis [104] . The recruitment of two hemes, which seems to happen independently in several protein families [105] , could facilitate, by providing two electron vacancies, the electronic coupling with quinols, which are two-electron carriers. A joint action of several differently oriented, membrane-anchored dehydrogenases, which released protons into periplasm upon oxidation of external electron donors-and trapped cytosolic protons upon reducing intracellular substrates-would lead to the generation of membrane proton potential, which, could pave the way to proton-dependent bioenergetics [97] -but only after the cell membranes became proton-tight [91] . As already noted, potential inorganic electron acceptors for cytochrome bc complexes should have been absent before the oxygenation of earth that took place some 2.5 Gyr ago [106] . However, the transition from a membrane electron translocase to a primordial cytochrome bc complex could be driven by the appearance of biogenic high-potential electron acceptors, produced e.g. upon photosynthesis (A. Bogachev, personal communication). Indeed, the essence of (bacterio)chlorophyll-based photosynthesis is using the energy of light quanta for separating electric charges at the so called "special" pair of (bacterio) chlorophyll molecules within photochemical reaction center (PRC), see [107, 108] for reviews. As a result of such separation, an electron is removed from the special pair to reduce low-potential acceptors, such as NAD(P) + or quinones, while a high-potential electron vacancy (hole) remains at the (bacterio)chlorophyll moiety. In most modern phototrophic organisms, the bc 1 -type and b 6 f-type complexes are involved in re-reducing these oxidized (bacterio)chlorophyll molecules. It is tempting to speculate that this function could have been the initial function of the first (mena)quinol-oxidizing cytochrome bc complexes of a b 6 f type. This suggestion is consistent with the evolutionary primacy of the b 6 f-type complexes, as inferred from phylogenomic analysis (see above) and the affiliation of many b 6 f-type complexes with photosynthetic reaction centers (see [51] ). The emergence of first such complexes within phototrophic membranes can also explain the involvement of a chlorophyll molecule and a carotenoid molecule as structural elements of the b 6 f-type complexes of green plants and cyanobacteria [15, 16] . While, as it has been already noted, an insertion of large chlorophyll and carotenoid molecules in a pre-formed, tightly folded membrane protein is unlikely from the viewpoint of protein physics, the recruitment of such bulky cofactors upon the very formation of the protein seems quite plausible. It is noteworthy that (bacterio)chlorophyll-based photosynthesis, according to current views, emerged within the bacterial lineage, after its separation from archaea [109, 110] . Fig. 3 suggests that the ancestor of the first b 6 f-type complex could have been a membrane oxidoreductase that, possibly, interacted with cytoplasmic NAD(P)H pool, with its membrane-anchoring subunit belonging to the "transmembrane di-heme cytochrome" fold. It is noteworthy that unlike the bc 1 -type complexes, the b 6 f-type complexes seem to be functionally coupled to oxidoreductases. Specifically, the ferredoxin:NADP + oxidoreductase (FNR) is a functional counterpart of the plant b 6 f-type complex [111] [112] [113] [114] . Furthermore, the b 6 f-type complexes which belong to the clade G, as already discussed, contain in their operons a gene coding for a large, NAD(P)H-binding oxidoreductase subunit (see Table S2 and Fig. S3 in File 1 of the Supplementary Materials).
Heme
The transition from a membrane oxidoreductase to the cytochrome bc complex should have included recruitment of a three-helix protein (the ancestor of the subunit IV) and a Rieske protein. The three-helical subunit IV, the evolutionary origin of which remains unclear, provided the quinol-binding P[DE]W[FY] motif that forms the catalytic site [115, 116] , where the bifurcated oxidation of a quinol molecule takes place. Since the subunit IV is also involved in binding of the c n heme [15, 16] , the recruitment of subunit IV and heme c n may have occurred simultaneously. The recruitment of a Rieske protein with its mobile FeS domain should have secured the bifurcation of electron flows and facilitated the delivery of electrons to the high-potential electron vacancies at primordial photosynthetic reaction centers. This module is present also in other enzymes, e.g. arsenite oxidase [59] . It is noteworthy that the evolutionary scenario in Fig. 3 shows similarity with the assembly order of the modern cytochrome b 6 f complexes, see [5] in this volume of BBA: Bioenergetics.
Hence, as shown in Fig. 3 , the ancestral form of the cytochrome bc complex could structurally and functionally resemble the b 6 f-type complexes of anaerobic, menaquinone-containing organisms, such as still unexplored enzymes from clade G organisms or the b 6 f-type complex from the heliobacterial clade B in Fig. 1 . Specifically, the photosynthetic machineries of Heliobacillus mobilis and Heliobacterium modesticaldum are harbored on large operons [117, 118] , potentially capable of LGT. Since Heliobacteriaceae are the only phototrophs among Firmicutes (Gram-positive bacteria), it has been argued that heliobacteria most likely obtained their photosynthetic genes via the LGT from now extinct phototrophic, anoxygenic ancestors of cyanobacteria, supposedly the first organisms that used bacteriochlorophyll-based photosynthesis [109] . It is conceivable that these procyanobacteria also harbored the first b 6 f-type cytochrome bc complexes. However, while the cyanobacteria proper should have underwent dramatic changes in response to the oxygenation [109, 119, 120] , which they could not evade, the strictly anaerobic heliobacteria retained not only the ancestral version of the homodimeric PRC, but apparently, an ancestral version of the b 6 f-type complex, which is coded by the same operon as the PRC [117] and, perhaps, also stems from the anoxygenic ancestors of cyanobacteria. It is noteworthy that a separate operon in the genome of Heliobacterium modesticaldum codes for a tandem of a FNR and a large NAD(P)-binding oxidoreductase, which is found within the operons of the b 6 f-type complexes of the clade G (see Table S2 and Based on the available data on the properties of the b 6 f-type complex of heliobacteria [66, [121] [122] [123] and on the data for the b 6 f-type complexes of clade G [62, 63] , it is possible to infer that the ancestral cytochrome bc complex should have possessed, in addition to a split, two-subunit cytochrome b, a low-potential heme c n with a E m value of~−100 mV, a low-potential version of the Rieske FeS cluster with a E m value of~150 mV, a multiheme cytochrome c as an acceptor of electrons from the Rieske protein, and, most likely, a further FeScluster(s)-containing subunit (NAD(P)H oxidoreductase?) localized on the cytoplasmic, n-side of the membrane. Kartal and co-workers have speculated that modern b 6 f-type complexes of Candidatus Kuenenia stuttgartiensis (clade G in Fig. 1 ) might even reduce NAD(P) + via the NAD(P)H oxidoreductase subunit [62, 63] . Under primordial highly reducing conditions, coupling of a Q-cycle to the reduction of NAD(P) + should be considered a possibility. Most likely, the ancestral b 6 f-type complex had a conserved P[DE]W [FY] motif in its subunit IV. This motif is found in clades A, B, and C, as well as in the majority of long cytochromes b, see Fig. 1 . As it also follows from Fig. 1 , the cytochrome b of the ancestral enzyme, most likely contained seven transmembrane helices, four of cytochrome b and three of subunit IV. It is noteworthy that the absence of the heme c nbinding CxGG motif correlates with the presence of a long cytochrome b (see Fig. 1 ). There are only few split cytochromes b without the conserved CxGG motif, all of them within clade G (see Fig. 1 ). In the b 6 ftype complexes, heme c n serves as a linker between the two subunits of cytochrome b, so that the loss of heme c n may have prompted the fusion of four-helical cytochromes b and the respective subunits IV, which, apparently, happened independently in several lineages (see Fig. 1 ). In many long cytochromes b, a part of the CxGG motif is still present either as a single cysteine residue (e.g. in Magnetospirillum magneticum AMB-1) or as a pair of glycine residues (in all the members of group J). The eighth and ninth additional helices in the b 6 f-type complexes from clade G do not show significant sequence similarity with the additional, eighth helix of long cytochromes b of some bc 1 -type complexes of groups F and I; these additional helices seem to be later acquisitions.
It is worthwhile to discuss here the possible peculiarities of the Q-cycle mechanism in the primordial cytochrome bc complex. As reviewed by Lancaster [124, 125] , modern dehydrogenases, which are membrane-anchored by four-helix cytochromes b, are very flexible with regard to the interactions between the hemes and membrane quinone molecules, so that many topological variants of quinone/quinol processing were realized by nature. The transition to the Q-cycle mechanism should have required oxidation of a (mena)quinol molecule from the p-side of the membrane, electron transfer across the membrane and the reduction of a quinone [or possibly NAD(P) + ] molecule from the nside of the membrane. However, since one of the two electrons released upon quinol oxidation would leave the complex via the FeS domain, only one electron would be injected into the two-heme cytochrome b moiety. This electron should have crossed the membrane against the backpressure of the membrane potential and then reduce a twoelectron carrier from the other side of the membrane in a reaction which, generally, should be thermodynamically unfavorable. Known membrane dehydrogenases are dimeric enzymes [124, 125] . If, in the ancient cytochrome bc complex, the cytochrome b hemes of two monomers were close enough for an electron exchange between them, then they could cooperate in performing a two-electron reduction. It is tempting to speculate that the need for cooperation may have driven the establishment of a short edge-to-edge distance between the two b p hemes of the bc 1 -type and the b 6 f-type complexes, which enables the apparent electron exchange between the monomers in modern complexes [20, 32, 34, 126] . The ET against membrane potential backpressure could be also kinetically facilitated by a concomitant proton transfer in the same direction, as described for menaquinol:fumarate reductases [102] [103] [104] . And indeed the transmembrane ET seems to be electrostatically compensated both in the bc 1 -type [127, 128] and in the b 6 f-type [129, 130] complexes. Kinetically helpful could also be the injection of an electron into an enzyme with pre-reduced c n /b n heme moieties; then a thermodynamically favorable two-electron reduction of a menaquinone molecule in center N (or, perhaps, of a NAD(P) + molecule) would take place after each quinol oxidation in center P. Since semiquinone species have not been reported for the centers N of the b 6 f-type complexes, it is believed that the c n /b n heme system performs a two-electron reduction of a quinone molecules in center N, surpassing thus the stage of a stabilized semiquinone [2, 20, 21] . In the primordial b 6 f-type complex, a c n /b n heme moiety should have exchanged electrons with both the membrane menaquinol pool and the NAD(P) + /NAD(P)H pool (via the cytoplasmic dehydrogenase module), as shown in Fig. 4A. 
Oxygenation of the atmosphere and diversification of cytochrome bc complexes
The menaquinol-oxidizing b 6 f-type complexes of modern anaerobes differ substantially both from the bc 1 -type complexes of aerobic organisms and from the b 6 f-type complexes of oxygenic plants and cyanobacteria. It has been argued that the appearance of oxygen in the atmosphere some 2.5 Gyr ago, led to the replacement of low-potential menaquinone by high-potential quinones, namely ubiquinone in some bacteria, plastoquinone in cyanobacteria, and caldariellaquinone in certain archaea [18, [131] [132] [133] . The oxygenation should have also prompted major modifications in the energy-converting enzymes [18, 52, 109, 120, 132] . Specifically for the cytochrome bc complexes, the E m values of the redox components involved should have been adjusted to the~150 mV increase in the redox potential of the pool quinone [18, 52, 132] . In addition, the electron escape from the redox components to oxygen (leading to the formation of the potentially deleterious ROS) should have been prevented, which could be achieved by minimizing the number of auto-oxidizable components in the electron transport chain. As discussed in the following sections, the bc 1 -type complexes of aerobic organisms and the b 6 f-type complexes of oxygenic phototrophs found different solutions while adapting to the oxygenated atmosphere.
Emergence of the b 6 f-type complexes of oxygenic organisms
One of the potentially oxidizable points in the menaquinoldependent b 6 f-type complexes is the center N, due to the low E m value of the c n heme of ca. −150 mV [66, 123] . In the plant b 6 f-type complex, after the transition to plastoquinol (E m~1 00 mV), the E m value of cytochrome c n was apparently elevated by 200 mV tõ 50 mV due to the replacement of a negatively charged Glu, supposedly serving as an iron ligand in the c n heme, by a neutral phenylalanine residue [66, 123] . As a result, electron escape from heme c n to oxygen should have diminished. Accordingly, the E m value of the Rieske protein also increased by~150 mV in the plastoquinol-processing complex [22, 66, 123] . The low-potential multiheme cytochrome, which is present in anaerobes [52, 62, 66, 122, 123] and was supposedly present in the ancesteral b 6 f-type complex, was replaced by cytochrome f with a high-potential, not auto-oxidizable heme. The sequence of cytochrome f does not show significant similarity to any other protein, so its evolutionary origin remains enigmatic [2, 20] .
As argued elsewhere [35] , the kinetic data on plant b 6 f-type complexes indicate that under physiological conditions one electron is "shared" by hemes b n and c n of each monomer. In this case, the injection of only one electron into the cytochrome b moiety after quinol oxidation in center P is sufficient for a quinol formation in center N. The origin of electrons for the b n /c n heme system in the b 6 f-type complexes of oxygenic organisms is ambiguous. Apparently, they can come from the plastoquinol pool (see Fig. 4B ), but only when this pool is reduced. It has been argued that the ferredoxin-NADP + reductase (FNR), which seems to be an integral part of the b 6 f-type complex of plants and cyanobacteria, might also participate in reducing the heme b n /c n system, particularly under conditions of an oxidized plastoquinone pool, see [2, 20, 35] for reviews. This reaction, however, would be accompanied by a loss of about 400 meV of free energy (because of a large energy gap between the redox potentials of NADPH or ferredoxin and the b n / c n heme system of oxygenic organisms), so that the use of this mechanism must be tightly regulated. The available data on the variable coupling of the FNR to the membranes of plants and cyanobacteria, reviewed in [134] , might reflect their ability to regulate the coupling between the cytochrome b 6 f-complexes and FNR depending on the redox poise of the plastoquinol pool and energy status of the cell.
Emergence of the bc 1 -type complexes of aerobic organisms
Within the suggested evolutionary framework, the transition to the bc 1 -type complexes of aerobic bacteria, as shown in Fig. 4C , was driven by replacement of menaquinone by ubiquinone [18, [131] [132] [133] . Owing to the much higher intrinsic kinetic stability of ubisemiquinone as compared to plasto-and menasemiquinone [135] , the redox potential of the stabilized semiquinone in centers N of modern bc 1 -type complexes (~100-150 mV at pH 7.0 [136] [137] [138] ) is high enough to prevent an electron escape to oxygen. Under the physiological conditions of a half-reduced ubiquinone pool, a bc 1 dimer seems to contain one reduced heme b n (heme b 150 with an apparent E m of approx. 150 mV) [1, 139] and one EPR-silent ubisemiquinone [140, 141] , owing to an electron exchange with the membrane ubiquinol pool via centers N [33] . It is not clear yet whether an electron is shared by heme b n and semiquinone in each monomer or, asymmetrically, one semiquinone is stabilized in one monomer and one heme b n is fully reduced in the other monomer. Anyhow, the apparent E m of such a pre-reduced state is about 100-150 mV [33] , so that oxygen cannot "quench" it. Due to the high apparent E m , this "activated" state should be fully populated under physiological conditions. Cleavage of the link between the two parts of the bc 1 of R. sphaeroides, aimed at "engineering" of a b 6 f-type complex, led to the destabilization of the Q N semiquinone and to the disappearance of the heme b 150 state [142] . This observation indicates that the conservation of the link within phylogenetic groups (see Fig. 1 ) might be related to its involvement in the stabilization of the Q N site in some of these groups and that the emergence of a long, "linked" cytochrome b could be a precondition of semiquinone stabilization in center N. Hence, in the case of well-studied bc 1 of proteobacteria and mitochondria, there is no obvious need for delivery of electrons into centers N by external oxidoreductases, which could compromise the efficiency of energy conversion. Accordingly, there are no reports on such electron donations in the cytochrome bc 1 complexes of aerobic organisms. Furthermore, in eukaryotic bc 1 complexes, the cytoplasmic side of cytochromes b is covered by two bulky "core" subunits which function as mitochondrial processing peptidases in some species [143] . These subunits prevent the access of external, cytoplasmic electron donors to the site N.
Similarly to the b 6 f-type complexes of oxygenic organisms, the E m values of the Rieske FeS cluster should increase by~150 mV to fit the E m value of the ubiquinol/ubiquinone redox pair [18, 52, 66, 132, 133] . Accordingly, the low-potential, multiheme cytochrome(s) of anaerobic cytochrome bc complexes was/were replaced by a single-heme cytochrome c 1 in the bc 1 -type complexes of certain proteobacteria. The origin of cytochrome c 1 could be traced to a two-heme c 4 -type proteobacterial cytochrome [144] . This large protein, apparently, has "collapsed", as a result of numerous deletions, into a smaller protein with a single, high-potential heme not prone to oxidation by oxygen.
Emergence of the mitochondrial-type cytochrome c (cytochrome c 2 )
The need to replace low-potential, autooxidizable redox carriers by high-potential non-oxidizable counterparts in aerobic organisms was not limited to the constituents of the bc 1 complex, but should have affected all members of ET chains. One of the proteins that may have emerged upon the transition to aerated environments was the small cytochrome c with E m ≥ 300 mV that transfers electrons from the bc 1 complex to multiple electron acceptors including the cytochrome oxidases and the PRCs of phototrophic proteobacteria (cytochrome c 2 , according to recent classification [145] ). This small protein has been extensively studied during the early years of molecular biology and served as a model system for numerous phylogenetic studies, see e.g. [146] [147] [148] . Dickerson separated all cytochromes c into three groups, namely short, medium and long; he suggested that the "long" cytochromes, found within α-proteobacteria, were derived from the "medium" cytochromes by insertions [147] . More recent analysis indicated the emergence of cytochromes c 2 within α-proteobacteria [145] . Since the "long" cytochromes c 2 are found only among α-proteobacteria, they could be then closer to the ancient form, while the widespread shorter cytochromes could result from deletions. This tentative scenario contradicts the classical scenario of Dickerson [147] , but corresponds to the "collapse" mechanism, as suggested for the evolution of cytochrome c 1 [144] . It is noteworthy that in some phototrophic α-proteobacteria, cytochromes c 2 serve as direct electron donors to the PRC, whereas in other α-proteobacteria this function is performed by a tetraheme cytochrome c subunit of the PRC. Comparison of the "long" cytochromes c 2 with the tetraheme PRC subunits reveals a certain degree of similarity between two stretches; the similarity is most pronounced upon comparison of the longest cytochromes c 2 of Rhodopseudomonas palustris with the tetraheme cytochrome of the closely related Blastochloris viridis, formerly Rhodopseudomonas viridis (Fig. 5) . Although the extent of the similarity is low and statistically insignificant, it still can reflect the collapse of a tetraheme cytochrome c into a single-heme cytochrome c 2 . Indeed, the similarity is found between two proteins which perform the same function in photosynthesis, serving as immediate electron donors to the PRC. The PRC of B. viridis contains a menaquinone as a primary electron acceptor Q A [149] and therefore might represent an evolutionarily older form as compared to the PRC of R. palustris that contains an ubiquinone molecule as Q A [150] . The collapse of a larger cytochrome should have been accompanied by the loss of the three hemes. The alignment in Fig. 5 indicates a deletion of one of the hemebinding sites. Generally, the heme loss could proceed gradually; a loss of one of the four hemes in course of evolution has been reported for the PRC cytochrome subunits in members of genus Rhodovulvum [151, 152] . The complete genome of R. palustris contains several "longest" known isoforms of cytochrome c 2 [153] . It is tempting to speculate that this genome has retained the intermediate forms reflecting the (multistep?) transition from a large cytochrome c to a smaller, versatile single-heme cytochrome c 2 .
3. Evolution of apoptosis as a strategy to diminish the oxygen-caused damage to consortia of cells: Role of the cytochrome bc 1 complex
As discussed in the previous section, evolution of the cytochrome bc complexes both in aerobic prokaryotes and in oxygenic phototrophs was accompanied by "defusing" the potential sources of ROS within these enzymes. Still, one source of ROS could not be deactivated completely. The oxidation of a quinol molecule in the center P of all cytochrome bc complexes is accompanied by a transient formation of a low-potential unstable ubisemiqunone UQp
•− that promptly reduces the low-potential heme b p , see Fig. 4C , Fig. S6 in the Supplementary Materials, and refs. [120, [154] [155] [156] for reviews. The redox potential of this ubisemiquinone cannot be increased (e.g. via its stabilization by the surrounding amino acid side chains), without losses in the thermodynamic efficiency of the Q-cycle. Instead, the cytochrome bc complexes are particularly fine-tuned to minimize the electron escape to oxygen in center P [120, 155] . Specifically, the lifetime of the semiquinone in center P is kept very short, so that that this semiquinone could be measured only under very special, steady state conditions [3] . However, when the oxidation of cytochrome b via center N is blocked, which can happen in the presence of inhibitors, or under the backpressure of membrane potential, or as a result of a conformational distortion of the bc 1 , or in response to an abrupt change in the redox balance of the ET chain, the probability of ubisemiquinone in center P could transiently increase, so that electrons can occasionally escape to oxygen yielding superoxide and other ROS [120, [155] [156] [157] [158] [159] . Specifically, the ROS yield increases in response to the oxidation of the membrane ubiquinol pool [156, 158] . Under such oxidized conditions, the bc 1 can get out from the kinetically optimized activated mode (see Section 2.3 and [33, 35] ), which could lead to an increased probability of UQp •− accumulation. Transient oxidation of ubiquinol pool can hardly be avoided after traumas and during reperfusion (the restoration of blood flow to an organ or to tissue, e.g. after a heart attack, ischemia or a stroke). ROS can damage membrane components and, specifically, the bc 1 itself, which would deregulate the fine tuning in this enzyme. Yin et al. have shown recently that gradual destruction of the bc 1 structural integrity by different meanse.g. heat inactivation or proteinase K digestion -all led to a concurrent increase in superoxide production [159] . Hence, the bc 1 can get into a vicious cycle -occasional generation of ROS could eventually damage the bc 1 itself or, by affecting its neighbors in the membrane, change its conformation, which would lead to a further increase in the ROS production and further functional damage to the bc 1 . One possible strategy to save other cells from the ROS-generating vicious cycle in damaged mitochondria is by dismantling the initially affected cell-i.e. apoptosis [38] . While some apoptotic mechanisms may already be present in bacteria [160] [161] [162] , they are much better studied in the cells of multicellular organisms, where mitochondria, the descendants of endosymbiotically obtained α-proteobacteria, were found to be involved in the so-called intrinsic apoptotic pathway [38, 40, 163, 164] . Under physiological conditions, ROS, apparently, can serve as triggers of apoptosis [38, 157, 165] . While ROS generation could occur both in the NADH dehydrogenase (complex I) and in the cytochrome bc 1 complex (complex III) [154] , the latter is far more dangerous as a source of ROS. ROS are generated in complex I under the conditions of reverse electron flow, which implies high membrane potential, high succinate/fumarate ratio and a low NADH/NAD + ratio [157, 166, 167] . The two latter conditions are anything but physiological. In addition, any damage to the membrane, caused by ROS, would decrease the membrane potential and thereby diminish the ROS production in complex I. The situation with the ROS production in the bc 1 (mitochondrial complex III) is different from that in complex I. The ROS are produced by the forward electron flow [156] . Generally, a drop in membrane potential should stop the production of ROS also in an intact bc 1 [166] . If it is not the case, the ROSproducing cell must be eliminated [165, 168] .
Comparison of the apoptotic pathways in different multicellular organisms shows that the evolution of apoptotic cascades in vertebrates has led to development of mechanisms which diminish the ROSinduced damage to other cells by triggering the apoptosis ASAP, i.e. even before the disruption of the affected mitochondria. Specifically, a signal amplification cascade seems to operate within mitochondria of vertebrates, see Fig. 6 . That cascade involves molecules of cardiolipin (CL), a four-tail lipid that is particularly susceptible to the ROSinduced peroxidation. CL molecules are the main targets of peroxidation in mitochondrial membranes [169, 170] . Their susceptibility to peroxidation is due to the fact that one molecule of CL usually carries four linoleate chains (i.e. contains eight unsaturated bonds; a scheme of radical propagation upon peroxidation of unsaturated lipid bonds is shown in Fig. 6A ). The high number of double bonds in CL is important because it enables packing of the CL molecules in the bilayer. To form a stable membrane bilayer, amphiphilic molecules must have cylindrical shape with approximately similar widths of the polar head and the hydrophobic tails [171] . This condition is fulfilled for a CL molecule with unsaturated fatty acids but not for CL molecules with peroxidized, partially polar chains. Therefore, a peroxidized CL molecule would tend to stick out from the bilayer and can interact with cytochrome c molecules at the membrane surface, see Fig. 6B [172] [173] [174] [175] [176] [177] . By inserting into the cytochrome c, a fatty acid chain of CL opens the heme-binding cleft, breaks the methionine-iron bond and makes the heme accessible to external ligands, such as oxygen and peroxy groups [177, 178] , so that cytochrome c starts to generate ROS, including even singlet oxygen [179] . The ROS apparently accelerate formation of a pore in the outer membrane and the release of cytochrome c into the cytoplasm, see [41, 177] .
The breakage of the methionine-iron bond should also decrease the E m value of cytochrome c [180, 181] , so that the ability of superoxide generation by such modified cytochrome molecules cannot be excluded. Ironically, this conversion is exactly the reverse of what has happened in the course of evolution, when the autooxidizable cytochromes were replaced by non-oxidizable, high-potential cytochromes, the hemes of which were tightly wrapped in polypeptide chains to prevent the access of dioxygen molecules to the heme iron, as discussed in previous sections.
In which part of mitochondrial membrane the CL molecules could be oxidized? The oxidation is unlikely to take place within the membrane bilayer where lipids are well protected from peroxidation by the pool ubiquinol molecules, potent antioxidants. Indeed, the bottleneck in the radical propagation is the step of the hydrogen atom transfer (reaction 1 in Fig. 6A ). This reaction is very slow. For a polyunsaturated linoleate acid, its rate constant is as small as 60 M −1 s −1
. Ubiquinol molecules interact with peroxides (reaction 3 in Fig. 6A ) much faster, with a rate constant as high as 3 × 10
, see [182] and the references therein. Because the concentration of ubiquinol in the mitochondrial membrane is comparable with the concentration of polyunsaturated lipid chains, ubiquinol should fully protect the bilayer lipids from peroxidation [183] . Therefore the only lipid molecules that are susceptible to peroxidation are those molecules that are not accessible for the pool ubiquinol molecules, i.e. lipid molecules that are trapped between membrane protein complexes, primarily, molecules of CL. Most recent data show that a large part, if not the majority, of CL molecules in mitochondrial membranes are associated with protein complexes [184, 185] . Cardiolipin molecules were identified in the crystal structures of many energy-converting enzymes, such as ADP/ATP carrier [186] , succinate dehydrogenase [187] , cytochrome bc 1 complex [17, [188] [189] [190] , cytochrome c oxidase [191] , and formate dehydrogenase [192] , see also [184, 185, 193, 194] for reviews. The mitochondrial respiratory supercomplex as a whole appears to include dozens of CL molecules [184] .
It should be stressed that CL molecules are indispensable since they perform several specific functions in energy converting membranes [195, 196] . First, owing to their four hydrophobic tails, they can "glue" membrane proteins with each other [197] [198] [199] , which is why they are so abundant within supercomplexes of membrane enzymes [184, 185] . Second, CL molecules, due to their high second pK of about 8.0, can serve as proton traps and guide protons to the active sites of energy converting enzymes [195, 200, 201] .
Obviously, the fastest way to accelerate the apoptosis is to use a ROSgenerating cytochrome bc 1 complex proper as a trigger of a signal amplification cascade that involves oxidized CL molecules. It seems that exactly this strategy is realized in vertebrates. It is noteworthy that in all the aforementioned CL-containing structures, with the exception of the cytochrome bc 1 complex, CL molecules are bound at the protein/ membrane interface. In the bovine complex III, however, one of the CL binding sites is deeply buried within the protein (Fig. 7A) . Specifically, in the 1PP9 structure [202] , the site contains two CL molecules and one molecule of phosphatidylcholine. Structural and sequence analysis of the residues that bind these CL molecules within the cytochrome bc 1 complex (see Figs. S6-S10 in File 1 of the Supplementary Materials) showed that the number of charged residues, which bind the phosphate groups of the CL molecules, has increased upon the evolution from the • are membrane ubiquinol and its semiquinone form, respectively. B, transformations of a cardiolipin molecule upon peroxidation according to [177, 178] . The black dot indicates the position of an unpaired electron, see the main text for further details.
b 6 f-type complexes, via the bc 1 -type complexes of α-proteobacteria, the predecessors of mitochondria, to mitochondrial bc 1 -type complexes. While in prokaryotes the ligands for these CL molecules are provided by subunits of cytochromes b and c 1 , the eukaryotic organisms use an additional 9.5 kDa subunit to fix these CL molecules. With the help of this subunit, protein completely encases the lipid molecules by a kind of a "belt". A comparison of two structures in Fig. 7 shows that the extent of trapping of these CL molecules increased upon the evolutionary transition from yeasts to vertebrates. In mammals (Fig. 7A) , the unusually bent, laterally running α-helical "belt" fully encases the CL patch and additionally stabilizes it by providing three positively charged residues. On the contrary, in the structure of yeast enzyme (Fig. 7B) , the belt contains less positively charged residues and seems to be not so tight which should permit a faster exchange of CL molecules with those in the lipid phase.
Thus, upon the evolution from bacteria to vertebrates, a very special CL-binding site has evolved within the cytochrome bc 1 complex where the CL molecules are tightly bound close to the major source of ROS. In response to ROS generation by a mammalian cytochrome bc 1 complex, this patch of CL molecules, where eight linoleate chains are tightly packed in the site so that the local concentration of double bonds is an order of magnitude higher than that in the lipid phase on the average, would be oxidized pretty soon. The conformation of the trapped CL molecules would change, affecting the conformation of the cytochrome bc 1 complex, which, according to already cited data of Yin et al. [159] could lead to the further increase in the ROS production. The ROS should also prompt the oxidation of other CL molecules abundant in the vicinity of the cytochrome bc 1 complex. If not tightly bound, these molecules would "slip out" of the bilayer, so that their fatty acid tails could convert molecules of cytochrome c into peroxidases. The resulting increase in generation of ROS would then trigger the formation of the inner membrane pore, swelling of mitochondrial matrix, disruption of outer mitochondrial membrane, the release of cytochrome c molecules to cytosol, their interaction with the Apaf-1 protein, and activation of apoptotic caspases [38, 47, 165] .
Some medical implications and outlook
The scheme in Fig. 8 shows that mitochondria of vertebrates use several amplification cascades to accelerate the transmission of the suicide message from the interior of mitochondria to the apoptotic machinery in the cytoplasm. As it follows from the scheme, the apoptotic cascade could be most efficiently stopped by specifically inhibiting the peroxidation of CL molecules, which might explain why apoptotic reactions can be prevented or diminished by some antioxidants. It has been shown that mitochondrially targeted peptide antioxidants could simultaneously prevent lipid peroxidation and the cell death [203] . Shao et al. have studied the impact of propofol, a low-molecular phenolic anesthetic on diverse mitochondrial activities as well as on lipid peroxidation and CL content. Propofol treatment had strong dosedependent protection attenuating alteration of these parameters [204] . An ubiquinone analog idebenone (6-(10-hydroxydecyl)-2,3-dimethoxy-5-methyl-1,4-benzoquinone) has been shown to protect the mitochondrial membrane against lipid peroxidation and improve the overall brain function after vascular disorders due to strokes or experimental cerebral ischemia [205] [206] [207] [208] . Another ubiquinol analog, decylubiquinol, also blocked ROS production and prevented activation of the mitochondrial permeability transition and the cell death [209] . Yet another mitochondrially targeted ubiquinol analog 10-(6′-ubiquinolyl)decyltriphenylphosphonium (MitoQ) has been shown to prevent the lipid peroxidation and the apoptotic reactions [210, 211] . Even more pronounced effects were observed with mitochondrially targeted plastoquinone derivatives (SkQs) [169, [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] . In vitro, the antioxidant effect of SkQ1 correlates with prevention of the peroxidation of CL [214, 219] . The experiments in vivo have shown a multiplicity of effects. SkQs prolonged lifespan of various organisms, from fungi to mammals. These compounds helped animals to survive after kidney ischemia, stroke, and heart attack and decelerated development of many age-related diseases and traits, including cataract and some other eye diseases, balding, achromotrichia, lordokyphosis, and myeloid shift of the blood [212] [213] [214] 216, 217, [221] [222] [223] [224] [225] [226] [227] .
Recently mitochondria-targeted antioxidant, a cationic rhodamine derivative linked to a plastoquinone molecule (SkQR1), was studied in the model of open focal trauma of rat brain sensorimotor cortex. It was found that injections of SkQR1 after the trauma improved performance in a test characterizing neurological deficit and decreased the volume of the damaged cortical area [225] . Most recently, it has been shown that under the conditions of experimental traumatic brain injury the activation of ROS production was followed by selective oxidation of cardiolipin, whose peroxidized molecules have been identified and quantified by electrospray ionization mass spectrometry analysis [228] . By applying a brain-permeable mitochondria-targeted electron scavenger XJB-5-131 (a conjugate of 4-amino TEMPO and a chemically modified segment of a membrane-targeting peptide antibiotic Gramicidin S), it was possible to prevent the CL oxidation in the brain, achieve a substantial reduction in neuronal death both in vitro and in vivo, and markedly reduce behavioral deficits and cortical lesion volume [228] .
Supposedly, all the aforementioned antioxidants can quench the radical states of protein-bound CL molecules, unlike bulky, hydrophobic molecules of natural ubiquinol that should protect from oxidation the lipids in the membrane bilayer, but are apparently unable to insert into membrane proteins or intercalate between such proteins. Indeed, small and amphiphilic molecules of propofol, peptide antioxidants and XJB-5-131 should be able to reach even the occluded CL molecules, particularly, the CL molecules that are trapped within the bc 1 . Idebenone, decylubiquinone, MitoQ and SkQs contain 10-carbon atom chains and show clear structural similarity with 10-nonyl acridine orange which preferably binds to CL [229, 230] .
The therapeutic effect of such small antioxidants (see above) might be due to the fact that the ROS generation in the cytochrome bc 1 complex could be triggered by two different causes. On the one hand, ROS could result from a breakdown of the cytochrome bc 1 complex itself or other potentially ROS-generating enzymes. Such cases seem to be irreparable and prompt apoptosis or mitophagy [43] Fig. 8 . Triggering of the intrinsic apoptotic pathway by a mitochondrion in a mammalian cell. The ROS occasionally generated in the bc 1 (red dashed arrow), by oxidizing cardiolipin and eventually damaging the bc 1 itself, produce two potent sources of ROS, thus accelerating the triggering of the apoptosis (see the main text for further details). Potential positive feedback loops, namely the increase in the yield of ROS upon damaging of the bc 1 [159] and the transformation of cytochrome c into a peroxidase by oxidized cardiolipin (CL) molecules [177, 178] are emphasized. See the text for further details. a stroke. If during this transient period the CL molecules, particularly those interacting with the cytochrome bc 1 complex, are protected from peroxidation, the system could restore its redox balance and return to normality. It is conceivable that the therapeutic impact of penetrating antioxidants is due to their ability to postpone the activation of the cardiolipin-ROS-cytochrome c-Apaf1 cascade.
Summing up, the overall evolution of cytochrome bc complex seems to represent a chain of exaptation events, when the preexisting systems are recruited to perform a new function, which is followed by their adaptive changes [232] . The cytochrome bc complex could develop from a pre-existing membrane-anchored dehydrogenase in response to a "redox challenge" from biogenic photosynthesis. The emergence of the oxygenic photosynthesis and the subsequent increase in the atmospheric oxygen content could be interpreted as events that shaped the bc 1 -type complexes of mitochondria and b 6 f-type complexes of chloroplasts as we know them. The respective selection pressure might explain the differences between the cytochrome bc complexes of anaerobic, oxygenic and aerobic organisms, respectively. Apparently, those organisms that dwelled in oxygenated habitats should have adapted to minimize the production of ROS by their enzymes.
The evolutionary history of the bc 1 -type complexes and their functionally coupled proteins, such as cytochrome c 2 , made, however, a remarkable twist after the emergence of multicellular organisms. In such organisms, the increased level of ROS in a particular cell -e.g. under conditions of oxidative stress -would not cause the death of whole organism, provided that the affected cell is promptly eliminated. To accelerate apoptosis of a damaged cell, its cytochrome bc 1 complexes and molecules of cytochrome c 2 , apparently, undergo transformations which are reverse to what has happened with these proteins in the course of evolution. As a result, these enzymes start to produce more ROS under certain conditions, so that the apoptosis of the damaged cell takes place earlier, and the neighboring cells avoid being damaged by ROS.
